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摘   要 
甲烷在无气相氧条件下催化脱氢芳构化（简写为 DHAM）制芳烃是甲
烷优化利用的重要方向之一。在技术上该过程可能较少复杂性，主要产物
芳烃与未转化的 CH4 及副产物 H2 容易分离，副产物 H2 还可作为油品精
加工所需之大量 H2 的来源。在科学上该过程涉及甲烷这一 稳定的烃分子














































其中， 在经硅烷化处理的 8%W-0.6%Zn/MCM-22 催化剂上，在常压、
1073 K 反应条件下，苯的选择性 高达 73.1%（相应甲烷转化率为
15.3%），是未经硅烷化处理相应参比样（61.3%）的 ～1.2 倍，单程
操作寿命从原先的 300 min 延长至 470 min（就同等芳烃产率水平而
言）；类似的结果在 Mo 促进的 W/MCM-22 体系上也观察到。 
(2) 催化剂体系的表征研究结果表明，TEOS 或 TMS 对 MCM-22 分子筛载
体的硅烷化处理主要导致分子筛外表面 强和 弱的表面酸性位被消
去，分子筛孔道内的 B 酸位（芳构化中心）几不受影响；在 DHAM 反
应化学上表现为：CH4 转化率大体持平，但芳烃选择性明显上升，催
化剂的结焦/积碳速率有所减缓，单程操作寿命明显延长。 






















(1) 采用硅氟酸铵（(NH4)2SiF6，简写为 AHFS）溶液对 MCM-22 分子筛载
体进行脱铝补硅改性，考察 AHFS 脱铝补硅改性条件对相应
W/MCM-22 基催化剂 DHAM 性能的影响，结果表明，经脱铝补硅改性
的催化剂对 DHAM 反应的催化活性与所用 AHFS 溶液的浓度及相应处
理时间有关。优化实验显示，AHFS 溶液浓度以 0.35 M 为佳，处理时
间以 1 h 为宜。DHAM 反应活性评价结果显示：与 8%W/MCM-22 基
质催化剂相比，利用 AHFS 对 MCM-22 载体进行脱铝补硅处理可导致
甲烷转化率和苯选择性分别提高 0.6 个百分点（从 11.4% 提至 12.0%）
和19.3个百分点(从59.0%提至78.3%)，甲苯选择性也相应从1.98% 提
至 2.87%（提高 0.89 个百分点）。 
(2) 比较研究三种 Co 引入方式（即：常规等容浸渍法，骨架杂原子交换法
和阳离子交换法）的促进效果，结果表明以骨架杂原子交换法为佳；
与载体不经 Co 改性的 8%W/MCM-22 基质催化剂相比，在 MCM-22
骨架经 Co 交换改性的 8%W-1.3%Co/MCM-22 催化剂上，甲烷转化率
和苯选择性可分别由 11.4%和 59.0%提高到 13.7%和 78.3%，单程操作
寿命有所延长。 
(3) XRD 和 Raman 联合表征研究揭示，三种不同 Co 添加方式均不导致载
体 MCM-22 分子筛晶相结构发生明显变化；三种催化剂的表面 W 物种















射峰，暗示所引入 Co 组分呈高度分散状态；此外，Raman 谱也为 Co
原子经骨架交换进入 MCM-22 分子筛骨架提供了直接谱学证据。 
(4) H2-TPR 测试结果表明，少量 Co 对 MCM-22 分子筛载体的适当预修饰
能促进催化剂可还原性的提高，相应还原所需温度明显下降；三种 Co
引入方式中以骨架交换型试样 为显著。这很可能与 Co 对载体
MCM-22 分子筛的预修饰，一定程度上消去或削弱一些与被担载 W 组
分有较强相互作用的表面位，既避免某些难还原表面 W 物种的形成，
也有利于 W 组分的均匀分散有关。 



































Dehydro-aromatization of methane in absence of O2 (DHAM) to aromatic 
hydrocarbons is one of the important approaches of catalytic conversion of 
methane. This process has definite advantages, namely, the less complicated 
technology and easy separation of the aromatic hydrocarbon products (benzene, 
toluene, etc.) from unconverted methane and the by-product hydrogen, which is 
a very valuable source of hydrogen for petroleum refining industry. This 
process deals with the scientific problems of the catalytic 
activation-dehydrogenation of CH4 (a most stable hydrocarbon molecule, with 
the bond-energy of H-CH3 at 439 kJ•mol–1), and of the dimerization and 
aromatization of the subsequent intermediates under the condition of absence of 
O2. The applied fundamental research of this area has significance in catalysis 
science. 
It is normally accepted that Bronsted acid sites, tungsten carbide species 
are the active center for methane activation, whereas surface acid sites are 
responsible for aromatization of the intermediates. Strong surface B-acid sites 
were expected to be in favor of aromatization of the intermediate ethylene, but 
also tended to promote the coke formation, blocking the zeolite pores and thus 
leading to deactivation of the catalyst. On the other hand, although 
over-elimination of the surface B-acid sites would certainly be favorable to 
inhibiting or lightening coke formation thus prolong lifetime of the catalyst, it 
would inevitably lead to decreasing benzene selectivity. The intermediate 
ethylene that may have not enough time to follow-up aromatization may also be 
dehydrogenated to carbon deposits or polymerized to coke, resulting in being 
covered of the surface active sites and deactivation of the catalyst. It is thus 















concentration of surface acid sites. 
In the present work, by using methods of silanization of the surface acid 
sites and substitution-removal of surface aluminum respectively, the surface of 
MCM-22 zeolite molecular sieve was modified. The W/MCM-22 based 
catalysts prepared using the surface-modified MCM-22 zeolite as support were 
examined for DHAM reaction and compared with the counterpart systems 
supported by the unmodified MCM-22 zeolite. Those catalytic systems were 
characterized by using the related physico-chemical methods (XRD, FTIR, 
Raman, H2-TPR and NH3-TPD, et al.) and the modification effects were studied. 
The results shed light on the design and development of applicable DHAM 
catalysts. The significant results are briefly described as follows: 
1. Effect of silanization on performance of W/MCM-22 based catalysts 
for dehydro- aromatization of methane 
(1) With tetraethyl-orthosilicate (TEOS) and trimethylchloro-silicane (TMS) as 
silanizing agents, MCM-22 zeolite-support was modified by the 
silanization by the chemical vapor-treatment or the solution deposition 
method. The effect of silanization of MCM-22 on dehydro-aromatization of 
CH4 in absence of O2 over W/MCM-22 based catalysts was investigated. 
The results of the reaction activity assay and the spectroscopic 
characterization of the catalyst systems indicated that the silanization of 
MCM-22 zeolite-support led mainly to selective elimination of the 
strongest and the most weak acidic sites at the external surface of MCM-22, 
while the Bronsted acidic sites at the internal surface of the zeolite channel 
were almost uninfluenced, with the corresponding reaction-chemical 
behaviors in little change in methane conversion but marked enhancement 
of the selectivity to aromatic hydrocarbons (benzene ￥￥and toluene), 















durability of the catalyst.  
(2) Over a silanized 8%W-0.6%Zn/MCM-22 catalyst, 73.1% selectivity of 
benzene formation (at 15.3% conversion of CH4) could be achieved in the 
initial 2.5 h of reaction under reaction condition of 0.1MPa, 1073K, 
GHSV= 1500 mL(STP)•h–1•(g-catal.)–1, which was ~1.2 times that (61.3%) 
of the unsilanized counterpart. The duration of single-pass operation of the 
catalyst was prolonged to 470 min from the original 300 min, and the 
CH2Cl2-soluble coke deposits were mainly a series of polymer of saturated 
aliphatic hydrocarbons with molecular weight in range of 200~400. 
 
2. Effect of surface aluminum removal on performance of W/MCM-22 
based catalysts for dehydro-aromatization of methane (DHAM) 
(6) Dealumination-modification of MCM-22 zeolite as support with a 0.35 M 
(NH4)2SiF6 (AHFS) solution at 373 K for 1 h could lead to increasing 
methane conversion (from 11.4% up to 12.0%) and selective formation of 
benzene (from 59.0% up to 78.3%) and toluene (from 1.98% up to 2.87%), 
indicating that the surface modification of the MCM-22 zeolite support via 
proper removal of surface aluminum (simultaneously properly supplying 
silicon) was in favor of improving the performance of W/MCM-22 based 
catalysts for DHAM reaction. 
(7) It was experimentally found that incorporation of cobalt element into the 
skeleton of MCM-22 zeolite molecular sieve could markedly improve the 
performance of the corresponding W/MCM-22 based catalyst for DHAM 
reaction. Among the employed three incorporation ways of cobalt (i.e., 
conventional incipient wetness technique, the skeleton hetero-atom 
exchange method and cation exchange method), the skeleton hetero-atom 
exchange method was optimal.  















8%W-1.3%Co/MCM-22 catalyst supported by the skeleton Co-atom 
exchanged MCM-22 zeolite, methane conversion and benzene formation 
selectivity enhanced up to 13.7% and 78.3% from 11.4% and 59.0% of the 
counterpart systems supported by the unmodified MCM-22 zeolite, 
respectively, and the duration of single-pass operation of the catalyst was 
prolonged to certain extent. 
(9) Characterization by combined XRD and Raman revealed that each of the 
three addition ways of cobalt did not bring about obvious change in the 
structure of crystal phase of MCM-22 zeolite molecular sieve; The 
W-species at the surface of the catalysts prepared by the three ways of Co 
addition existed mainly in the form of WO3. There was no XRD feature due 
to CoO crystallite phase observed in the corresponding XRD patterns, 
implying that the added Co-component existed in highly dispersed form. 
Moreover, the Raman spectroscopic observation also provided direct 
evidence for Co getting into the skeleton of MCM-22 zeolite. 
(10) The results of H2-TPR measurement showed that the modification of 
MCM-22 zeolite by a small amount of Co could improve the reducibility of 
the catalyst precursor, behaving as an increase of the reducible W6+-species 
and descending of reduction-temperature of the catalyst, especially in the 
case of the skeleton Co-exchanged MCM-22 zeolite as support. 
(11) The results of NH3-TPD measurement indicated that the modification of 
MCM-22 zeolite by a small amount of Co led to certain changes in the 
intensity and concentration of the surface acid sites of the corresponding 
catalyst. A number of the strongest and the most weak acid sites were 
preferentially eliminated, leading to descending of the total quantity of the 
surface acid sites, simultaneously with increasing of the proportion of the 
medium-strong acid sites in the total quantity of acid sites at the surface of 















incipient wetness technique or the skeleton hetero-atom exchange method. 
This would contribute to the enhancement of methane conversion and 
aromatic selectivity, and the lifetime of the catalyst was also prolonged.  
 
 















































其储量已日渐匮乏。近十年内，世界原油产量由 26.7 亿吨/年增至 30 亿吨/
年，涨幅只有 12.34％，而天然气产量则由 1.6 万亿 m3/a 增至 2.38 万亿 m3/a
增长了 48.75％，其增长速度是原油的 3.95 倍。专家预测到下一个世纪中
叶，世界能源消费结构中天然气将从目前的 25％增加到 40％，而石油将由
现在的 34％下降到 20％，煤炭基本维持在 27％左右，因而 21 世纪将是以
天然气为主要能源的时代。天然气作为世界上续煤和石油之后的第三大能
源，同时也是化学工业的主要原料之一，其远景储量达 350 万亿 m3 以上，
截止 1994 年，全球已累计探明天然气储量 205 万亿 m3，剩余探明储量 148
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